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I. Introduction
The dissociative chemisorption of H 2 on metal surfaces is of fundamental importance in understanding gas-surface reaction dynamics and has been extensively studied both experimentally and theoretically. [1] [2] [3] [4] Since hydrogen is much lighter than surface atoms, collision induced phonon and electron-hole pair excitations often play a minor role. 3, 5 As a result, accurate theoretical simulations for the dissociative dynamics can be performed with the Born-Oppenheimer and static surface (BOSS) approximation. Indeed, many quantum dynamical (QD) studies have been carried out on six-dimensional (6D) adiabatic potential energy surfaces (PESs) built on density functional theory (DFT) calculations. [2] [3] [4] For instance, excellent agreement between theory and experiment has been achieved for H 2 dissociation on copper surfaces. 4, [6] [7] [8] Earlier experimental evidence suggested that H 2 prefers to adsorb molecularly on silver surfaces, 1, 9-11 suggesting that its dissociative chemisorption is highly activated.
On the other hand, the activation energy for recombinative desorption of adsorbed hydrogen atoms was estimated to be relatively low, ranging from 6.4 to 10.5 kcal/mol. [12] [13] [14] [15] As a result, the H 2 dissociation on silver is endothermic. 16 Many earlier experiments have thus focused on H 2 scattering from Ag(111) [17] [18] [19] [20] or Ag(110) 21 at low collision energies, where the dissociation is negligible. Dissociative sticking probabilities of D 2 on Ag(111) were measured as a function of translational energy for the first time in 1995 by Hodgson and coworkers, 16 followed by a series of dynamical studies on H 2 and D 2 dissociative chemisorption and recombinative desorption on the 6 equilibrium positions within a flat surface model. The optimized bulk lattice constant for silver is 4.16 Å, consistent with the experimental value of 4.09 Å and previous theoretical estimates. [31] [32] To explore the minimum energy path (MEP), the transition state (TS) for the dissociative chemisorption of H 2 on Ag(111) was determined by the climbing-image nudged elastic band (CI-NEB) method. [45] [46] The saddle point was verified by vibrational frequency analysis, which showed a single imaginary frequency. Extensive convergence tests have been performed and the results are listed in Table I . It can be seen that our choice of parameters, which are computationally inexpensive for the purpose of the PES construction, sufficiently converge the activation energy within roughly 0.02 eV.
B. Potential energy surface
The representation of multi-dimensional PESs using neural networks has been gaining popularity, thanks largely to the small fitting errors. [47] [48] [49] The basic structure of feed-forward NNs consists of an input layer, one or more hidden layers, each with a number of interconnected neurons, and an output layer, as shown in Fig. 1 . In general, the value of kth neuron in the ith hidden layer can be expressed as, 
In this work, the hyperbolic tangent function was used as the transfer function for the hidden layers and a linear function was used for the output layer. The NNs were trained using the Levenberg-Marquardt algorithm, 50 and the root mean square deviation (RMSD) of the energies in the input data and the fitted energies was chosen as the performance criterion. Prior to training, the data were divided randomly into three sets, namely the training (90%), validation (5%), and test (5%) sets, which enable the early stopping procedure 49 to avoid over-fitting. Two hidden layers were used and the number of neurons in each layer was optimized, leading to the final fit with 20 and 40 neurons in the first and second hidden layers. 50 training processes with different initial guess were performed and the best fit with the smallest overall RMSD including validation and test data sets was saved for dynamics calculations.
The NN toolbox in MATLAB was used for the fitting. 51 The recently proposed permutation invariant polynomial-neural network (PIP-NN) method was used for the H 2 /Ag(111) PES. The PIP-NN method for fitting PESs for gas phase and gas-surface reactions has been discussed in detail in our recent publications, 37, 52-53 so it is only briefly outlined here. The essence of the PIP-NN method is to use in the input layer symmetry functions ( (12) As depicted in Fig. 2 It is also noted that this approach is not unique, and different and/or higher-order PIPs can be used for the NN fitting, as long as they provide adequate enforcement of the correct permutation.
The sampling procedure is also important for a high quality and efficient fit of the PES. An ideal data set should contain fewest points but describe accurately the dynamically relevant regions. The sampling was performed iteratively. Starting from an initial set of data along the MEP for the reaction, a primitive PES was first generated. Additional points were generated by running classical trajectories on the primitive PES. These classical trajectories, which are computationally inexpensive 58 For a molecule-surface system, however, bond distances are not good coordinates due to surface periodicity, and the permutation symmetry further complicates this issue. Instead, symmetry functions as the input of the NNs offer a better choice. 54 Indeed, the build-in periodic symmetry describes the "closeness" between two points in a single unit cell as well as in different periodical units. Within our PIP-NN framework, mirror images via permutation operations of identical atoms can also be recognized. Unlike the bond distance in gas phase systems, however, it is necessary to normalize the PIPs before evaluating the generalized 
where M and μ are the total mass and reduced mass of the diatom, ˆj is the angular momentum of the diatom, u and v are the non-orthogonal lateral coordinates along the lattice axes crossed with a skew angle α of 60° for Ag(111) in order to take advantage of the surface periodicity, Z is the distance between the diatomic COM and the surface, r is the diatomic bond length, θ is the polar angle between r and the surface normal, and φ is the azimuthal angle. . 62 Sine basis functions were used for the translational coordinate Z, 63 which is divided into the interaction and asymptotic regions, in order to take advantage of an L grid saving scheme,
Here Z min and Z int define the boundaries of the interaction region, while Z min and Z max correspond to the boundaries of the asymptotic region. The vibrational basis in r consists of the eigenfunctions () n r  for the one-dimensional reference Hamiltonian for the isolated diatom far from the surface, which satisfies the equation,
In φ, and two one-dimensional pseudo-spectral transformations can easily convert the FBR to and from the grid. [65] [66] [67] The initial normal-incident wavepacket was chosen as,
where () GZ is the normalized Gaussian function along the surface normal,
and (n, j, m j ) are vibrational, rotational, and magnetic quantum numbers for the initial state of the diatom, N is the normalization constant that equals 1/ a in this fcc case.
The wave vector k is determined by the translational energy 
The initial state-selected dissociation probability was obtained by evaluating the energy dependent reactive flux at the dividing surface ( 
where Im means the imaginary part, obtain the dissociation probability by a direct flux method, which is different from the scattering amplitude method used by Kroes and coworkers. 3 The parameters used in quantum dynamics are listed in Table II . Note that the number of basis for the rotationally and/or vibrationally excited states is slightly larger.
III. Results and Discussion
A. Density functional theory calculations
The weak interaction between molecular hydrogen and Ag (111) calculations. [31] [32] In addition, the dissociation of H 2 was found to be endothermic by 0.47 eV, consistent with experimental observations (≥0.52 eV). 16 It is interesting to compare with the dissociation of H 2 on Ag(100), which also has a high and late barrier. In particular, the H-H bond at the transition state at the hollow barriers than H 2 dissociation on Cu(111), which has a H-H distance of 1.10 Å at the transition state. 6 The late barriers in these processes suggest a higher vibrational efficacy in promoting the dissociation according to Polanyi's Rules.
B. Potential energy surface
Our data set started with about 800 configurations randomly sampled near the MEP. Special care was taken to avoid unreasonable geometries, where either two hydrogen atoms are too close or a hydrogen atom is too close to the surface. The PIP-NN fitting resulted in a primitive PES. A few thousand classical trajectories were then dispatched on this PES to generated additional geometries. For each candidate geometry, we evaluated RMSDs in energy and geometry as discussed above. A point was added to the data set if its generalized Euclidean distances from all existing data points are larger than 0.1 and energetic RMSDs are larger than 0.8 kcal/mol. An improved PES was then obtained from this updated data set via a new PIP-NN fit, and the procedure was repeated until no new point can be added and/or the dynamical results converged. Note that fewer points were added in the first few iterations, as the PES was insufficiently accurate and the sampled points were not optimal. As the number of points in the data set increases, the fitted PES becomes more accurate and more sampling points can be collected. Overall, 3431 points were selected to obtain a converged PES with respect to QCT dissociation probabilities, while 4016 points We further checked the accuracy of our PIP-NN PES representation of the MEP.
To this end, the MEP from the physisorption well to the fbh (fbf is energetically lower but not the one directly connecting the saddle point) site was first obtained based on PIP-NN PES, and corresponding geometries along the reaction coordinate were extracted and computed directly with DFT. As seen in Fig. 4 , the new DFT energies, which were not used in the fitting, perfectly match the fitted energies. In addition, the fitted and DFT calculated barrier height and frequencies at TS also agree well, as noted in the same figure, confirming the accuracy of the PIP-NN PES.
In enhanced multiphoton ionization (REMPI) technique. 16, [22] [23] The experimental sticking coefficients reach as low as 10 -9 , presenting a daunting challenge for theoretical simulations. In addition, the surface temperature significantly enhance the dissociation at low collision energies, but has essentially no effect on the reaction at high collision energies. 23 Since the BOSS approximation in our QD calculations ignores surface temperature effects, our theoretical model is not expected to reproduce the extremely small sticking coefficients at very low energies. However, the sticking coefficients at high energies are less influenced by the surface motion and should be described well by our theory. This is indeed the case, as the comparison between the calculated and measured results for H 2 (n=0,j=3), D 2 (n=0,j=2), and D 2 (n=1, j=2) is shown in Fig. 7 . Note that the former were obtained with averaging over the (2j+1) m j state. As expected, the agreement of theory and experiment is good at high translational energies, but theory largely underestimates sticking coefficients at low energies, due largely to the neglect of surface effects. Another source of disagreement may arise from the condition under which the experimental sticking coefficients 16, [22] [23] were derived from the recombinative desorption measurements by scaling S 0 to unit at the largest accessible translational energy, which is not completely true. Recent found to be about 0.58, 7, 76 much lower than 0.90 on Ag(111) here, which can presumably be attributed to the fact that the TS of H 2 dissociation on Ag(111) is "later" than that on Cu(111). Nonetheless, vibrational efficacies of less than unity in both reactions imply that the vibrational energy is less effective than the same amount of translational energy in promoting the reaction, which seems to be in contrary to the prediction of Polanyi's rules.
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To provide a more quantitative measure of the vibrational efficacy, we explored the coupling of the reactant modes with the reaction coordinate at the transition state, using our recently proposed Sudden Vector Projection (SVP) model. [77] [78] The basic premise of the SVP model is that the collision time is often shorter than the time The effect of higher rotational excitations is examined in Fig. 9 84 The low rotational excitations reduce the possibility for the adsorbate to approach the transition state, while the further increasing in rotational energy, on the other hand, can couple into the reaction coordinate thus promote the reaction. Given the similarities between these two systems, it is expected that the same mechanism is in operation here. Figure 10 shows the difference in the dissociation probability for each m j state of (n=0, j=5). It is found that the sticking probability increases monotonically with m j .
Indeed, the transition state at bridge site features H 2 parallel to the surface, thus favoring the m j = j state, which rotates classically like a "helicopter". On the other hand, the m j = 0 state behaves classically like the "cartwheel", thus disorienting the molecule away the preferable transition state and inhibiting the dissociation. This phenomenon has been widely observed in other H 2 dissociative reactions with a similar transition state that lies parallel to the surface plane.
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The experimentally measurable rotational alignment parameters ( 
2) 0
A , which can be expressed by the m j dependent dissociative probabilities, e.g. 85 was also calculated and shown in Fig. 11 for various rotationally excited states of D 2 , which can be directly compared with future experiments, as has been done for the D 2 /Cu(111) system. 86 As expected, the rotational alignment is always positive, higher at lower energies but Our results are qualitatively similar to experimental data on Cu(111) for (n=1, j=6) and (n=0, j=11), but in a different energy scale due to the difference in the barrier height, suggesting that these data may not be sensitive to the surface. In addition, it is interesting that ( 
A for the j=2, 3, and 4 states are generally smaller than that for j=1.
On the other hand, higher rotational states (j>6) show larger values of ( 
A than that in the j=1 state, although the differences of ( 
A among these higher rotational states are small. This overall trend is quite similar as what was found in H 2 dissociation on Cu(100) recently. 8 Eichler et al. also found similar strong steric effects in H 2 dissociation on Ag(100), [29] [30] namely H 2 with the helicopter rotation is much more reactive than that with the cartwheel rotation. Moreover, excitations to the first few low-lying rotational states of H 2 were also found to exhibit slight or no enhancement over the ground state, while further rotational excitations considerably increase the reactivity. These findings are all consistent with the current study.
IV. Conclusions
In this work, we report an accurate six-dimensional PES for H 2 /D 2 dissociative chemisorption on Ag(111), based on a PIP-NN fit of about 4000 DFT points. The 27 PIP-NN approach enforces both the surface periodicity and the permutation symmetry for the molecule and provides a faithful representation of the DFT points (RMSD=2.5 meV). This is the first demonstration of the PIP-NN approach for a reactive molecule-surface system, and the results are very encouraging. This method is amenable to gas-surface PESs involving polyatomic molecules and future applications can thus be anticipated for dissociative chemisorption of methane 79 and water. 82, 87 Full-dimensional quantum dynamics calculations on the PES were performed for both H 2 and D 2 , and the resulting sticking probabilities are in general agreement with the measured values. The theory-experimental agreement is better at high collision energies, as the sticking coefficients at low collision energies are strongly influenced by the surface temperature, which was not included in the theoretical model.
Nevertheless, the measured vibrational efficacy was reproduced and explained in terms of its coupling with the reaction coordinate at the transition state. In addition, the rotational and alignment effects were examined and found to be similar to H 2 /D 2 dissociation on Cu(111) and Ag(100). 31 . PW91 functional and Chadi-Cohen k-points were used in that work. c Ref. 32 . PW91 functional was used in that work. 
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